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Abstract
Background: The fertility of a chicken's egg is a trait which depends on both the hen that lays the
egg and on her mate. It is also known that fertility of an individual changes over the laying period.
Methods:  Longitudinal models including both random genetic and permanent environmental
effects of both the female and her male mate were used to model the proportion of fertile eggs in
a pedigree broiler population over the ages 29-54 weeks.
Results: Both the male and the female contribute to variation in fertility. Estimates of heritability
of weekly records were typically 7% for female and 10% for male contributions to fertility.
Repeatability estimates ranged from 24 to 33%, respectively. The estimated genetic variance
remained almost constant for both sexes over the laying period and the genetic correlations
between different ages were close to 1.0. The permanent environment components increased
substantially towards the end of the analyzed period, and correlations between permanent
environment effects at different ages declined with increasing age difference The heritability of
mean fertility over the whole laying period was estimated at 13% for females and 17% for males. A
small positive correlation between genetic effects for male and female fertility was found.
Conclusion: Opportunities to improve fertility in broiler stocks by selection on both sexes exist
and should have an impact throughout the laying period.
Background
Fertility is a trait of major interest in the broiler industry,
primarily because of its effect on chick output. Also, as
there is a negative correlation between growth and fertil-
ity, especially in naturally mated flocks [1], selection for
growth alone over several generations is likely to result in
a decline in fertility or in the ability of the males to mate
efficiently [2,3]. Therefore, balanced selection should be
aimed at improving key life performance traits while
maintaining reproductive potential.
Fertility in poultry is traditionally regarded as an inde-
pendent trait either of the male or the female, but genetic
and non-genetic factors originating from both the male
and female affect egg fertilization and embryo develop-
ment [4]. Fertility of an individual egg is also a function of
the genotype of the embryo, to which both parents con-
tribute. Therefore, both paternal and maternal compo-
nents should be accounted for simultaneously when
analyzing fertility.
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Factors affecting fertility which originate from the male
include several sperm quality traits such as sperm metab-
olism, semen concentration, sperm motility, and the per-
centage of abnormal or dead sperm cells [5]. Behavioral
factors include the male's ability to successively mate with
the hens efficiently, which may be affected by leg prob-
lems [4] in the event of uncontrolled growth. Sperm qual-
ity traits are believed to be moderately heritable [6],
whereas behavioral traits usually have a low heritability
[7]. Factors originating from the female include egg qual-
ity, and behavioral and physiological factors such as prev-
alence of sperm storage tubules (SSTs) [4]. The issue of
what is responsible for the decline in late fertility between
sexes was recently addressed from a biological perspective
by Barna [8]. In several studies, age has been shown to
have a significant effect on fertility of broiler breeders [9-
11]. Fertility generally declines after a peak [11] while the
effect of age on female breeders is more significant than
on male breeders [9,10]. The practice in a typical broiler
breeding programme is to selectively improve traits
within specialized male and female pure lines. To produce
a commercial broiler, the aim is to enhance male fertility
in a male line and female fertility in a female line with
appropriate levels of selection pressure, but both compo-
nents are important in line multiplication and in increas-
ing selection intensity in nucleus populations. The traits
of interest are the level of fertility and the ability to main-
tain high fertility over a long period, indicated by persist-
ency. It is therefore highly desirable to provide an analysis
of fertility which uses all available data to simultaneously
estimate breeding values for male and female fertility. An
analysis should account for all sources of variation,
including the genetic and the permanent non-genetic
environmental effects of the hen and her mate, and the
effect of age and temporary environmental effects specific
to each laying and hatching period.
Several approaches to analyze aspects of fertility in poul-
try can be found in the literature but none are all inclusive.
For example, models used in recent analyses include fit-
ting direct and maternal genetic effects for female fertility
[12], fitting the trait as one of the females but also includ-
ing male fertility in the model as a random non-genetic
effect [13,14], which ignores the genetic contribution
from the males, and longitudinal models including
changes of fertility over time [15] based either on male or
female fertility separately. Some have used likelihood or
Bayesian approaches taking into account the binary
nature of the trait [16], and one example of the desired
model, which fits male and female components simulta-
neously, has been applied to time of lay in wild birds [17].
The different potential inputs into fertility, including sire,
dam and offspring genotypes over a protracted period of
life, provide questions about the genetic control of the
trait which may have implications to other life history
characters. Hence the present study was undertaken to
investigate the various contributions to fertility by esti-
mating genetic parameters for female and male fertility
simultaneously using an animal model, taking into
account the longitudinal nature of the trait by using ran-
dom regression models.
Materials and methods
Data
Fertility data from a fully pedigreed pure broiler line were
obtained from Aviagen Ltd, a primary broiler breeding
company in the UK. The data comprised records of 555
males mated to 3755 females over a period of five years.
Birds were housed in floor pens at a ratio of one male to
ten females of the same age. The hens were trap nested
with eggs set for incubation every week. Eggs were candled
on the 7th day of incubation to record the number of infer-
tile (candled clear) eggs. Fertility was defined as the pro-
portion of the total number of eggs set in each laying
period that were fertile (as determined by candling). For
the male, the total number of eggs set was the sum of all
settable eggs laid by all the hens in the pen within the
given period, while for the female, number of eggs set
related only to the total number of settable eggs laid by
the individual female within the period. Males were usu-
ally replaced if weekly fertility in a pen was consistently
low for a period of five weeks. Data from such males were
excluded from the analysis.
The time trajectory used in this analysis was the age of the
hen when the eggs were hatched. Records from ages 29 to
54 weeks were included, and comprised a total of 66104
weekly fertility records derived from a total of 342797
eggs set. The mean number of eggs set was 5.19 and, of the
66104 records, only 1557 were based on one egg. In the
main analysis all weekly fertility records were used with-
out weighting by the number of eggs set. The average
weekly fertility across hens and over age is shown in Fig-
ure 1.
Statistical analysis
All analyses were undertaken using ASREML [18], which
permits fitting a sire-dam model with both components
linked to the pedigree.
Random regression model fitting weeks
Fertility was described by the following random regres-
sion model using Legendre polynomials as covariates:Genetics Selection Evolution 2009, 41:47 http://www.gsejournal.org/content/41/1/47
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where:
yijkn is a fertility record, i.e. the proportion of eggs set that
were fertile, for incubation at the n-th week of age by
female k mated to male j in POU i,
POUi is a fixed effect of contemporary group (which incor-
porates genetic trend),
bm is the m-th fixed regression coefficient,
aMjm and aFjkm are the m-th random regression coefficients
for the additive genetic effect of, respectively, male j and
female k mated to male j,
pMjm and pFjkm are the corresponding coefficients for per-
manent environmental (PE) effects,
zmn is the value of m-th degree Legendre polynomial at
week n,
eijkn is a random residual effect,
m1 to m5 are degrees of covariates fitted to fixed, genetic,
and permanent environment effects, where m = 0 denotes
a constant term and m = 1 a linear regression coefficient
etc.
Choice of models
Since the use of random regression models fitting hen and
mate genetic and permanent environment effects simulta-
neously for fertility of eggs is novel, it was necessary to
consider a large array of models to determine which was
the most plausible and provided an adequate description
of the data. A subset of the many models fitted and corre-
sponding likelihoods is shown in Table 1.
In the analyses presented, a cubic polynomial (m = 3) was
used to model the fixed effect of age on fertility, as this
described the observed mean weekly fertility profile (Fig-
ure 1). Increasing degrees of polynomials were tested to
model the random permanent environment and genetic
terms, and assessed by changes in the log likelihood. The
likelihood increased substantially with increasing degree
of polynomials fitted to the PE effects (shown up to cubic
in Table 1), without reaching an apparent asymptote at
quartic regressions. This corresponds with findings from
other studies which suggest that increasing the order of fit
for the random PE effects will continually increase the
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Average fertility and its standard deviation for weekly records Figure 1
Average fertility and its standard deviation for weekly records.Genetics Selection Evolution 2009, 41:47 http://www.gsejournal.org/content/41/1/47
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likelihood [19] (K. Meyer, personal communication). We
considered a cubic regression to be a reasonable stopping
point, after which the general shape of the relations of var-
iances with weeks did not change qualitatively.
The residual variance, Var(eijkn), was assumed to be differ-
ent for each week of the age trajectory as fitting homoge-
nous residuals over the whole or for three separate time
segments gave much lower likelihoods, and we had no
prior knowledge of the pattern of the error variances.
Covariance of male and female effects
In order to estimate the genetic correlation of male and
female effects on fertility, a covariance between male and
female genetic effects was also fitted in some models. This
refinement was restricted to models with constant genetic
effects (m2  =  m3  = 0) in part because these models
described the data almost as well as those of higher degree
(see later), and in part because the simple models allow
interpretation in terms of a single genetic correlation.
Threshold model
An unweighted analysis was used, but just simply weight-
ing of weekly observations by the number of eggs set
would not have been adequate because there was a high
variance between parents in fertility. To accommodate
both variation in numbers set per week and real differ-
ences between families, an analysis using a threshold
model, which is much more computationally demanding,
was undertaken fitting sire and dam genetic effects as con-
stant (m2 = m3 = 0) and linear random regression PE terms
(m4  =  m5  = 1). However, it was not pursued further,
because the relative size of all the genetic and PE compo-
nents was found to be essentially the same as in the corre-
sponding analysis using the unweighted model (data not
shown).
Results
The weekly proportion of fertile eggs was modelled as a
trait of the hen which laid the eggs and of her mate, with
both birds contributing genetic effects (structured propor-
tional to the additive relationship matrix) and non-
genetic individual specific (permanent environment, PE)
effects. Variances of the random effects (genetic and PE) of
both male and female on fertility were significantly
greater than zero.
Variances due to non-genetic permanent environment
effects of males (across mates and over time) and females
(across time) were large and much higher than the corre-
sponding genetic effects at all ages (Figures 2 and 3).
These variance components increased non-linearly with
age, with the male PE variance being higher than that of
females. The difference between the magnitudes of the PE
variances in Figures 2 (linear) and 3 (cubic) illustrate both
that the variance contributed by PE effects, particularly of
males, increases with age, but that the effects are less
extreme than a linear regression would indicate. The
increase in likelihood was small (approximately 5 for an
extra 4 df) when the male and female genetic effects were
modelled with a linear regression on weeks rather than a
constant for each (Table 1) with almost all the increase
due to females. Higher order genetic regressions were con-
sequently not considered. Except where noted, the follow-
ing results use a model with linear genetic and cubic PE
terms.
The heritability for both male and female effects is plotted
as a function of weeks in Figure 4. It was generally higher
for males than for females, and did not change greatly
with age, ranging from 7% to 9% for females and from 7%
to 11% for males with the peak after a few weeks of laying.
Random regression analysis enables estimation of correla-
tions between any pairs of age points. Examples of esti-
mated genetic correlations and correlations of permanent
environment effects for an early, mid and late week of pro-
duction are given in Tables 2 and 3, respectively, in each
case for both dams and sires. The genetic correlations for
males are essentially one, and those for females exceed
0.7, even for the ages furthest apart (beginning and end of
recording). This suggests that there is essentially no
genetic variation in persistency of males and only a lim-
ited amount in females. The correlations of PE effects are
much smaller, with a similar pattern in the two sexes, 50-
80% for the more adjacent periods and nearer 20% for
those furthest apart. These results indicate, in line with the
graphs showing variances (Figure 3) that individual fertil-
Table 1: Summary of effects$ and degree of polynomials# 
included in random regression (RRM) models (fitting weeks of 
lay), with corresponding log likelihoods (LogL relative to model 
1)
Model am = af
$ pem pef LogL
Fitting repeatability model with constant error variance
00 0 0 - 3 9 4 7 . 5
Fitting error variance for each 26 individual weeks of lay
10 1 1 0
20 2 2 1 3 5 7 . 7
30 3 2 1 5 5 6 . 1
40 2 3 1 7 8 6 . 5
50 3 3 1 8 8 3 . 9
61 3 3 1 8 8 8 . 9
Fitting genetic covariance of male and female effects
5(+) 0 3 3 1884.1
$am, af genetic effects, pem, pef permanent environment effects for 
male and female fertility respectively
#Degree: 0 = constant, 1 = linear regression, 2 = quadratic regression, 
3 = cubic regressionGenetics Selection Evolution 2009, 41:47 http://www.gsejournal.org/content/41/1/47
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ity changes substantially with age; indeed some birds
become infertile.
The inclusion of a genetic covariance between male and
female genetic effects (fitted as constants) in the model
did not result in a significant increase in the log likeli-
hoods (Table 1). The estimate of the genetic correlation,
0.15, was consequently small, but was positive.
Discussion
The present study shows clearly that both the female and
her male mate influence the fertility of the egg, and that
the contribution of each sex is influenced by both genetic
and permanent environment components. Therefore, the
male contribution is important, not only because each
male is mated to many females but because, in a sire line,
the individual male and his male descendents have a
major influence on the efficiency of the multiplication
pyramid. Furthermore, while the results pertain directly to
domesticated poultry, there is no reason to doubt that
there will be contributions of both sexes to egg fertility in
natural populations of birds. However, obtaining ade-
quate data to support or refute this conjecture in the wild
would be difficult.
The conclusions are, of course, dependent to some extent
on the model which is used for the analysis. We have not,
for example, included maternal genetic effects because we
considered it is more important to include the male
genetic and permanent environment components when
analyzing the trait as, essentially, one of the direct effects
of the male and female mates, both of which had a large
influence. With what are basically binary data, alternative
analyses to cater for the heterogeneity in variance can be
undertaken. For example a threshold model has been fit-
ted in Bayesian analyses to data on fertility and other egg
production traits in egg laying stock, but with the trait
analysed solely as one of the female [16,20]. However, the
permanent environment contribution of both sexes is
large, such that the contribution from the binary variance
taken over periods of weeks is relatively small, and also
the change in the mean and thus phenotypic variance over
ages is not great (Figure 1). We also fitted heterogeneous
residual variances over the laying period to allow for any
changes. Thus we consider that the analysis undertaken
on the simple weekly proportion of eggs that were fertile,
which is the trait definition use in the industry where
hatching and selection occurs weekly, without weighting
by numbers or scaling for the binary data is adequate and
Variance components estimated from linear random regression on week of age for genetic and permanent environmental com- ponents Figure 2
Variance components estimated from linear random regression on week of age for genetic and permanent 
environmental components. af = additive genetic effect of female, am = additive genetic effect of male, pef = permanent 
environmental effect of female, pem = permanent environmental effect of male, e = residual effect, with variance assumed het-
erogeneous over weeksGenetics Selection Evolution 2009, 41:47 http://www.gsejournal.org/content/41/1/47
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most relevant. Even so it may be worthwhile in future
analyses to consider weighting by egg number or using
longer time periods, or pursuing more complex analytical
methods.
The random regression analysis appeared to show inflated
values of the permanent environment terms towards the
extremes of the laying period, particularly when fitting a
linear regression for PE terms. Such a result is often con-
sidered a typical feature of the random regression model
[21,22]; but it is most likely an indication that all sources
of variation have not been adequately modelled, as indi-
cated by changes when error variances were fitted with
varying level of complexity [15,23]. It may also be due to
the sparsity of records available at the extremes of the age
trajectory, resulting in less information available to esti-
mate the variances. Fitting higher order regressions
reduced this extreme behaviour by more accurately parti-
tioning total variance to all components.
The fertility in this line reached a peak, remained at a high
level for some weeks and then slowly declined (Figure 1).
Various factors can influence the decline in fertility with
age, including yield of spermatozoa [24] and plasma com-
position [25] of the male and the efficiency of sperm stor-
age of the female [10]. Although early studies have
indicated that in most cases males are responsible for
completely infertile matings and that replacing them leads
to fertility in over 90% of matings [26], more recently the
role of females in persistency of fertility has been stressed
[8,27]. Fertility in females has been found to be more sus-
ceptible to the influence of age than that of males [9,10].
Our study shows that the genetic correlation between fer-
tility at different ages for both males and females was very
high across ages and was close to one for the male compo-
nent (Table 2). The contributions from permanent envi-
ronment effects in both sexes increased with age,
particularly for males (Figures 2 and 3) and were much
larger than those from the genetic effects, but the correla-
tions across ages were much lower. This pattern agrees
with a finding that males having a poor sperm quality
index at a young age have a low sperm quality subse-
quently and a large decline in fertility after the peak [28].
The heritability of fertility estimated in this study was low
at all ages. This is not surprising as it is a fitness related
trait. Both male and female components increased ini-
tially to a peak, at about 9% for the female and 11% for
the male, and then declined with age (Figure 4). For com-
Variance components estimated from linear random regression for additive genetic variance and third order random regres- sion on week of age for permanent environmental components Figure 3
Variance components estimated from linear random regression for additive genetic variance and third order 
random regression on week of age for permanent environmental components. af = additive genetic effect of female, 
am = additive genetic effect of male, pef = permanent environmental effect of female, pem = permanent environmental effect of 
male, e = residual effect, with variance assumed heterogeneous over weeksGenetics Selection Evolution 2009, 41:47 http://www.gsejournal.org/content/41/1/47
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parison with other reports, heritability was also estimated
using a repeatability model in which the genetic and per-
manent environmental variances were assumed to be con-
stant over ages. With this model the estimates of
heritability for one week's set of eggs averaged over the
laying period were 7% for females and 10% for males and
those for repeatability were 24% and 33%, respectively.
The magnitude of these estimates falls within the range
found in the literature for female fertility. For example,
Sapp et al. [13] analysed female fertility with a repeatabil-
ity model and reported heritability estimates ranging from
5.5% to 7.4% depending on the way in which missing val-
ues were treated. Similar estimates were obtained for lia-
bility of fertility (h2 = 6.7%; repeatability = 22%) using a
threshold Bayesian model [16].
Higher heritability and accuracy of selection may be
obtained by averaging fertility over several weeks of set,
either by pooling over eggs or by averaging weekly fertili-
ties. However, in view of the high PE variances, the
increase in heritability is not great. For the simple average
of weekly fertility records, we predict it would reach 13%
for females and 17% for males. Presumably, if all records
were pooled with appropriate weightings and corrections
for week of laying effect, somewhat higher values would
be predicted. The genetic correlation between ages was
high for both sexes, particularly males, which indicates
that early records of fertility can be used to make breeding
decisions and that there are limited opportunities to spe-
cifically improve fertility in older flocks, which is when
production is most limited. Even so, basing selection deci-
sion on records from the early stages alone, gives no
Changes of heritability over age estimated from a random regression model as in Figure 3 Figure 4
Changes of heritability over age estimated from a random regression model as in Figure 3. h2m = heritability of 
male fertility, h2 f = heritability of female fertility
Table 2: Genetic correlations between fertility at three different 
weeks of age of dams (below diagonal) and of sires (above 
diagonal)
Sire
Weeks 30 40 50
30 0.996 0.987
Dam 40 0.954 0.997
50 0.839 0.955
Table 3: Correlations of permanent environment effects 
between fertility at three different weeks of age of dams (below 
diagonal) and of sires (above diagonal)
Sire
Weeks 30 40 50
30 0.576 0.376
Dam 40 0.324 0.807
50 0.262 0.582Genetics Selection Evolution 2009, 41:47 http://www.gsejournal.org/content/41/1/47
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emphasis to the important issue of persistent fertility as
the flock ages.
The genetic correlation between male and female fertility
used here refers essentially to the correlation between the
fertility of eggs produced by daughters and by the mates of
sons. The correlation was positive in our study but mod-
erate and non-significant (0.15), indicating that improve-
ment of one sex would be slightly beneficial, and certainly
not harmful to the other, but that selection on records of
both sexes would be needed for maximum improvement
of overall flock performance. This could also be achieved
by fitting a sire-dam multivariate BLUP model using
cumulative records during the laying period from which
breeding values for fertility of both sexes can be obtained
for each candidate for selection.
Several interesting questions remain for future research.
One question is the magnitude of the genetic variance of
hatchability after candling at 7 days, and its correlation
with (pre-candling) fertility. Another one is the correla-
tion between fertility and performance traits such as
growth rate, although the analysis is not straightforward
as only selected birds have the opportunity to breed. This
also implies that, if the correlations are high, there may be
biases in the current estimates of genetic variances and
heritability as the data have, in effect, been censored. As
this study shows, such analyses have to cater jointly for
effects of both sexes and, for the reproduction traits, incor-
porate both genetic and permanent environment effects.
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